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Abstract—Grid-connected small wind turbines are a promising
technology to further increase the share of renewables in the
energy supply. Although their impact on the environment is
proven to be advantageous, the cost effectiveness needs to
increase to favor a market breakthrough. This can be achieved
with technological improvements, driven by research. The most
obvious improvements can be found in the optimization of
each component. However, the combination of highly efficient
components does not necessarily result in an efficient system. The
interactions between the subcomponents also play an important
role in the total system efficiency. Therefore, the interaction
between the converter and the generator will be the focus of
this research. The impact of the control strategy of the converter
on the generator efficiency will be explained in this paper.
Index Terms—Wind energy, Permanent Magnet Synchronous
Generator, Current waveform, Converter topology
I. INTRODUCTION
A general awareness concerning the impact of fossil fuels
on the environment has given a boost in the development
of renewable energy technologies. Photovoltaic panels and
large wind turbines already have a high market share and
are technologically mature. The amount of renewable energy
technologies should however be further diversified to increase
the share of renewables in the energy production. Small wind
turbines could play this role. The effect of small wind energy
on the environment is shown to be very promising [1]. With
a rated power between 1 kW and 30 kW, they are suitable
for industrial and rural areas, i.e., for small and medium
enterprises or agricultural companies.
Although the design of a large wind turbine can be con-
sidered as mature, it is not directly applicable for small wind
turbines. The reason is the fundamental difference between
small wind turbines, with a rated power below 30 kW, and
large wind turbines, with a rated power above 300 kW. For
instance, the wind speed is much more variable at low altitude
due to the influence of the rough surface of the earth and
obstructions in the vicinity (e.g. buildings or trees) [2], [3].
Also, for a small wind turbine, the cost of certain components
or mechanisms becomes unacceptable in relation to the total
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investment cost. For example, an active pitch mechanism is
not frequently implemented and a simple wind vane often
forms a passive yaw mechanism. Furthermore, the inherently
lower power rating of a small wind turbine implies a different
generator and converter design [4].
The specific design of small wind turbines offers several
technological challenges. Although there are already sev-
eral small wind turbines available on the market, the cost-
effectiveness can still be improved. Technological improve-
ments, driven by research, can increase this cost-effectiveness
to ensure a market breakthrough [5]. The most obvious area
of improvement lies in the efficiency of the components, i.e.
the turbine blades, the generator, the rectifier and the inverter.
The interaction between these components should however not
be underestimated. Therefore, the combination of components
with a high efficiency does not necessarily result in a system
with an optimal efficiency. The focus of this research is, thus,
on the interactions between the components and their impact
on the total efficiency.
One of these interactions is the effect of the converter
control strategy and circuit topology on the efficiency of the
generator. This will be the focus of this research, which will
be further explained in this paper.
II. SYSTEM DESCRIPTION
Fig. 1 gives an overview of a grid-connected wind turbine
system. The system consists of the turbine blades (a), the
permanent magnet synchronous generator (PMSG) (b), the
rectifier (c), the inverter (d) and the distribution grid (e).
Fig. 1. Overview of a wind turbine system
Since the generator produces ac voltages and currents with a
variable frequency and amplitude, called ‘wild ac’, they must
be rectified by the rectifier. Most commercial wind turbine
systems use a passive diode rectifier combined with a boost
chopper, which is shown in Fig. 2.
The passive diode rectifier offers a low-cost solution to
convert the three-phase ac currents to a dc current. The boost
chopper converts the variable voltage of the rectifier output
to a constant voltage Vdc at the inverter input. The control
2Fig. 2. Passive diode rectifier and boost chopper
algorithm of this boost chopper is capable of controlling the
shaft speed of the turbine. A Maximum Power Point Tracking
(MPPT) algorithm determines the desired shaft speed for each
wind speed such that the aerodynamic efficiency or power
coefficient of the turbine is maximised [6].
III. CURRENT WAVEFORM
The usage of a passive diode rectifier has an important
consequence for the efficiency of the generator, since it
determines the current waveform in the generator terminals.
This current waveform strongly depends on the choice of the
component values and circuit topology. Fig. 3 schematically
shows two extreme possibilities, i.e. the current waveform for
a capacitive chopper input and the current waveform for an
inductive chopper input.
(a) Capacitive chopper input
(b) Inductive chopper input
Fig. 3. Current waveforms in the generator
The first current waveform (a) is obtained with a dominantly
capacitive input of the boost chopper, i.e. a high value for Cch.
The goal of this capacitive input is to attenuate voltage ripples.
This is the most encountered situation in practice since it is the
most natural rectifier topology, e.g., used in most conventional
rectifier loads. A reduced amount of ripple in the dc voltage
also allows a simple power measurement, which is mostly
used in the MPPT algorithm. The second current waveform
(b) is obtained with a dominantly inductive input of the boost
chopper, i.e. a low value for Cch. The capacitor Cch can indeed
be omitted since it is not essential for the operation of the
boost chopper or the rectifier. This is however not done in
practice. Both waveforms (a) and (b) contain a high amount
of harmonics, which causes additional losses in the generator.
Also, it introduces additional torque ripples.
The current waveforms of Fig. 3 will now be obtained
with a simulation model in Matlab/Simulink, leading to a
more accurate and realistic waveform. Electrical elements are
simulated with the PLECS library (Piecewise Linear Electrical
Circuit Simulator).
The generator is modeled as shown in Fig. 4. The back-emf
is modeled as a three-phase sinusoidal voltage source with a
line-to-line rms voltage E of 400 V, a stator resistance Rs of
2 Ω and an inductance Ls of 2 mH. The shaft speed is set at
150 rpm, which is consistent with the low rotational speed of
a wind turbine. The generator has 10 pole pairs and therefore
produces a voltage with a frequency of 25 Hz.
Fig. 4. Model of the generator
The capacitive input voltage Vdc of the inverter is modeled
as a constant voltage load of 650 V. The inductance Lch
of the chopper is set to 15 mH. The active switch S1 is a
PWM-controlled IGBT with a switching frequency of 20 kHz.
Fig. 5 shows the control scheme, which is a cascade control
loop with a fast inner current controller and a slow outer
power controller. The current control loop regulates the current
through the boost inductance Lch to a dc set-point with a
PI controller. The dc set-point of this current control loop is
determined by a slower power controller, emulating the MPPT
algorithm. This power controller regulates the mechanical
power from the generator to a set-point of 10 kW. The
mechanical power is calculated from the back-emf voltages
and the currents.
+_+_
Fig. 5. Control scheme of the boost chopper
The model is used to simulate the current waveform in the
generator for four different values of the capacitor Cch, i.e.,
1 µF, 10 µF, 100 µF and 1000 µF. As mentioned before,
the value of this capacitor has a strong impact on the current
waveform. Fig. 6 shows the result of this simulation.
In the first situation, i.e. 1 µF, the capacitance is very
small such that a dominantly inductive chopper input can be
assumed. The resulting current waveform indeed resembles
waveform (b) of Fig. 3. The differences between this simulated
waveform and the theoretical waveform of Fig. 3 are the non-
infinite changes of the current during the commutation of the
diodes, and the presence of a high-frequent ripple. The non-
infinite change of current can be expected since inductance is
always present in practice. The high-frequent ripple is caused
by the switching of the boost chopper and originates naturally
in converters with current control loops.
In the second situation, i.e. 10 µF, a low-frequent ripple is
present which does not origin from the high-frequent switching
of the boost chopper. The waveform clearly starts to deviate
from the trapezoidal waveform (b) of Fig. 3. In the third
situation, this ripple has increased and starts to resemble
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Fig. 6. Simulated current waveforms
waveform (a) of Fig. 3. In the last situation, i.e. 1000 µF, the
capacitor is very large and has a nearly constant dc voltage.
The boost chopper has a dominantly capacitive input. The
resulting current waveform matches waveform (a) of Fig. 3.
The high-frequent switching ripple is strongly reduced in this
last waveform since the large capacitor Cch acts as a filter.
As mentioned before, the current waveform has an impact
on the losses of the generator. In this case, minimal losses
would be reached for a sinusoidal waveform. The Joule losses
in the stator resistance can be calculated from the power set-

















= 1260 W (1)
For each of the waveforms in Fig. 6, the Joule losses were
calculated from the simulations:
Pj,1µF = 1340 W Pj,100µF = 1364 W
Pj,10µF = 1335 W Pj,1000µF = 1430 W (2)
These results confirm that the losses are larger for these
non-sinusoidal waveforms when compared to the sinusoidal
situation. The fourth waveform of Fig. 6 results in the highest
Joule losses and is most encountered in practice in small wind
energy systems. This clearly shows the room for improvement.
IV. IMPROVEMENT OF THE WAVEFORM
To increase the efficiency of the generator, the current wave-
form should be improved. In this section, several possibilities
will be given and discussed.
Fig. 7. Passive or active filter on the generator terminals
A. Passive filter
The current waveform can be improved by application of
a passive filter on the generator terminals [7], see Fig. 7.
This filter, consisting of purely passive components, can be
tuned to result in a sinusoidal current waveform for a given
frequency. The frequency of the voltage and current waveforms
is however variable due to the variation of the shaft speed. The
use of a passive filter is therefore not realistic in a variable-
speed turbine system.
B. Active filter
Another approach is the usage of an active filter on the
generator terminals [8]. This active filter is a small full-active
converter, consisting of six active switches and a dc bus. The
non-sinusoidal current waveform on the input of the passive
diode rectifier is measured and, from this, the fundamental
component and the harmonics are calculated. The converter
is then programmed to deliver these harmonic components
such that only sinusoidal current is present in the generator
windings. This approach is inspired by the field of active
power filters, which are used to improve the power quality
of the grid [9], [10]. More specifically, it is similar to the
harmonic current compensation technique [11], [12]. Although
it is an original idea to apply this technique on the generator of
a wind turbine system, it is far-fetched and leads to a complex,
and thus expensive, system.
C. Active rectifier
A radical change of the rectifier topology could also be
worthwile. Instead of a passive diode rectifier, a full-active
rectifier can be used [13], [14], as shown in Fig. 8. This
rectifier consists of six active switches and a dc bus that is
directly shared with the grid-connected inverter.
Fig. 8. Active rectifier topology
The advantage of this rectifier topology is the control flexi-
bility. Every desired current waveform can be imposed on the
generator terminals. This can result in a considerable efficiency
improvement when compared to the current waveforms of
4the passive diode rectifier in Fig. 6. On the other hand, the
active rectifier requires more circuitry resulting in a more
complex and expensive converter. Also, the control algorithms
are more complex. It should be further investigated whether
the efficiency improvement of the generator outweighs the
increased cost and complexity of the converter.
D. Goal of this research
The goal of this research is to find a robust solution that
ensures an optimal current waveform, independent of the wind
speed. The active rectifier is a promising solution but requires
further research to be successful. The main attention points
are to find the optimal current waveform and to quantify the
efficiency increase in the generator. This efficiency increase
should outweigh the increased cost of a more advanced
converter.
V. CONCLUSIONS
Small wind turbines are a promising new technology to
further diversify the renewable energy production. Technolog-
ical improvements are necessary to reach cost-effectiveness.
Although the efficiency of the components can be improved,
the interaction between these components plays an important
role as well. This research analyses the interaction between
the converter and the generator, i.e. the current waveform. The
aim of this research is to improve the current waveform in the
generator by adaptation of the rectifier circuit topology and
control algorithms.
REFERENCES
[1] B. Fleck and M. Huot, “Comparative life-cycle assessment of a small
wind turbine for residential off-grid use,” Renewable Energy, vol. 34,
pp. 2688–2696, 2009.
[2] C. Nichita, D. Luca, B. Dakyo and E. Ceanga, “Large band simulation of
the wind speed for real time wind turbine simulators,” IEEE Transactions
on Energy Conversion, vol. 17, no. 4, pp. 523–529, 2002.
[3] K. Sunderland and M. F. Conlon, “Estimating the yield of micro
wind turbines in an urban environment: A methodology,” International
Universities Power Engineering Conference (UPEC2010), 2010.
[4] Y. Chen, P. Pillay and A. Khan, “PM wind generator topologies,” IEEE
Transactions on Industry Applications, vol. 41, no. 6, pp. 1619–1626,
2005.
[5] M. Man˜ana, “Small wind energy systems. state of the art and new chal-
lenges,” in Proceedings of the International Conference on Renewable
Energies and Power Quality (ICREPQ 2011), Apr. 13 - Apr. 15, 2011.
[6] Z. Chen, J. M. Guerrero and F. Blaabjerg, “A review of the state of
the art of power electronics for wind turbines,” IEEE Transactions on
Power Electronics, vol. 24, no. 8, pp. 1859–1875, 2009.
[7] D. Alexa, A. Sıˆrbu and A. Laza˘r, “Three-phase rectifier with near
sinusoidal input currents and capacitors connected on the AC side,” IEEE
Transactions on Industrial Electronics, vol. 53, no. 5, pp. 1612–1620,
2006.
[8] M. Abdel-Salam, A. Ahmed and M. Abdel-Sater, “Harmonic mitigation,
maximum power point tracking, and dynamic performance of variable-
speed grid-connected wind turbine,” Electric Power Components and
Systems, vol. 39, pp. 176–190, 2011.
[9] T.C. Green and J.H. Marks, “Control techniques for active power filters,”
IEE Proc: Electric Power Applications, vol. 152, no. 2, 2005.
[10] M.I.M. Montero, E.R. Cadaval and F.B. Gonza´lez, “Comparison of
control strategies for shunt active power filters in three-phase four-wire
systems,” IEEE Trans. on Power Electronics, vol. 22, no. 1, pp. 229–236,
2007.
[11] A. Chaoui, J.P. Gaubert, F. Krim and G. Champenois, “PI controlled
three-phase shunt active power filter for power quality improvement,”
Electric Power Components and Systems, vol. 35, pp. 1331–1344, 2007.
[12] B. Renders, K. De Gusseme´, W. R. Ryckaert and L. Vandevelde,
“Converter-connected distributed generation units with integrated har-
monic voltage damping and harmonic current compensation function,”
Electric Power Systems Research, vol. 79, pp. 65–70, 2009.
[13] N. A. Bouscayrol, P. Delarue and X. Guillaud, “Power strategies for
maximum control structure of a wind energy conversion system with
a synchronous machine,” Renewable Energy, vol. 30, pp. 2273–2288,
2005.
[14] M. Chinchilla, S. Arnaltes and J. C. Burgos, “Control of permanent-
magnet generators applied to variable-speed wind-energy systems con-
nected to the grid,” IEEE Transactions on Energy Conversion, vol. 21,
no. 1, pp. 130–135, 2006.
Jeroen De Kooning (S’09) was born in Kapellen,
Belgium in 1987. He received the M.S. degree in
electromechanical engineering from Ghent Univer-
sity, Belgium, in 2010. Since then, he is with the
Electrical Energy Laboratory (EELAB) of Ghent
University and is currently pursuing the Ph.D degree.
His present research interests include wind energy
systems, control of power electronic converters and
brushless ac drives.
Bart Meersman (S’07) was born in Sint-Niklaas,
Belgium on July 29, 1983. He received the M.S.
degree in electromechanical engineering from Ghent
University, Belgium, in 2006. Since then, he is
with the Electrical Energy Laboratory (EELAB) of
Ghent University and is currently working towards a
Ph.D. degree. His present research interests include
dynamic phasors, renewable energy applications,
digital control of power electronic converters and
their contribution to power quality.
Tine Vandoorn (S’09) was born in Torhout, Bel-
gium in 1985. She received the M.S. in electrome-
chanical engineering from Ghent University, Ghent,
Belgium, in 2008. In 2008, she joined the Electrical
Energy Laboratory (EELAB) of Ghent University
where she is currently pursuing the Ph.D. degree.
Her present research interests include electric power
systems, voltage and power control of DG units,
management of microgrids and smart microgrids. In
2009, she was awarded a grant as Ph.D. fellow of
the Research Foundation - Flanders (FWO).
Lieven Vandevelde (M05 - SM07) was born in
Eeklo, Belgium, in 1968. He graduated as Master
of Electromechanical Engineering and received the
Ph.D. degree from Ghent University, Belgium, in
1992 and 1997, respectively. He is with the Electri-
cal Energy Laboratory (EELAB), Ghent University,
where he has been a Professor in electrical power
engineering since 2004. His research and teaching
activities are in the field of electric power systems,
electrical machines and (computational) electromag-
netics.
